Background and objectives Insulin resistance is a complication of advanced CKD. Insulin resistance is less well characterized in earlier stages of CKD. The response of the pancreatic b cell, effects on glucose tolerance, and risk of diabetes are not clear.
Introduction
Diabetes mellitus is associated with increased risk of myocardial infarction, stroke, and ESRD (1) . Insulin resistance plays a central role in the pathogenesis of type 2 diabetes. With insulin resistance, euglycemia may initially be maintained through a compensatory increase in insulin secretion by the pancreatic b cell (2) . In some individuals, however, b cell compensation fails, leading to impaired glucose tolerance and development of type 2 diabetes.
Insulin resistance is a known complication of ESRD (3) . It seems that insulin resistance also occurs in early stages of CKD (4) (5) (6) (7) (8) . Insulin resistance in CKD is due, in part, to a high prevalence of shared risk factors such as obesity, sedentary lifestyle, and diet (9) . In addition, unique metabolic abnormalities contribute to insulin resistance in CKD, including uremic toxins, metabolic acidosis, and vitamin D deficiency (10) (11) (12) (13) (14) . The site of insulin resistance in CKD is localized to skeletal muscles (3) and a postreceptor defect has been recognized as the primary abnormality in CKD (15) .
Whether insulin resistance in CKD leads to b cell dysfunction and overt type 2 diabetes has not been established. We hypothesized that a lower estimated GFR (eGFR) is associated with insulin resistance as characterized by fasting insulin concentration and insulin sensitivity index. We further hypothesized that lower eGFR is associated with pancreatic b cell dysfunction, impaired glucose tolerance and increased risk of incident type 2 diabetes. We tested these hypotheses in a community-based sample of older adults, a population known to be at high risk of CKD, insulin resistance, and diabetes.
Materials and Methods
The Cardiovascular Health Study is a communitybased cohort study of adults aged $65 years (16) . In 1989-1990, 5201 men and women aged $65 years were recruited, and an additional 687 predominantly African-American participants were recruited in 1992-1993. Participants were recruited from Medicare eligibility lists in four US communities: Forsyth County, North Carolina (Wake Forest University School of Medicine, Winston-Salem); Sacramento County, California (University of California, Davis); Washington County, Maryland (Johns Hopkins University, Hagerstown); and Allegheny County, Pennsylvania (University of Pittsburgh, Pittsburgh). Each center's institutional review committee approved this study and all participants provided signed informed consent.
From the original and the African-American cohorts, we excluded participants with baseline prevalent diabetes, defined by treatment with oral hypoglycemic agents or insulin or fasting blood glucose $126 mg/dl (Supplemental Figure 1 ). We also excluded participants for whom prevalent diabetes status could not be determined due to missing fasting glucose concentration, missing diabetes medication data, or missing or inadequate fasting times (,8 hours), as well as participants with missing covariate data. For cross-sectional analyses, participants without oral glucose tolerance data were excluded, leaving a final analysis sample of 4136 participants. For longitudinal analyses, participants without follow-up were excluded, leaving a final analysis sample of 4680 participants.
eGFR
Serum creatinine was measured using the Kodak Ektachem 700 Analyzer (Eastman Kodak, Rochester, NY), a colorimetric method. Mean coefficient of variation (CV) was 1.94% (range, 1.16-3.60) (17) . Serum creatinine concentration was indirectly calibrated to values from the Cleveland Clinic laboratory as previously described (18) . GFR was estimated using the Chronic Kidney Disease Epidemiology Collaboration equation (19) . In addition, serum cystatin C concentration was measured using a BNII nephelometer (Dade Behring Inc, Deerfield, IL) that utilized a particle enhanced immunonephelometric assay (N Latex Cystatin C) for secondary analyses (20) . Interassay CVs ranged from 2.3% to 3.1%. Cystatin-based GFR was estimated using the cystatin C equation (21) .
Insulin Resistance, b Cell Function, and Glucose Tolerance Serum glucose and insulin concentrations were measured before (fasting) and after administration of a 2-hour oral glucose tolerance test (OGTT), as previously described (22) . The OGTT consisted of a 75-g oral bolus of glucose. Glucose was measured using the Kodak Ektachem 700 Analyzer. Plasma fasting insulin was measured using competitive RIA (Diagnostic Products Corp, Malvern, PA).
Insulin resistance was assessed by fasting insulin concentration (mU/ml) and the insulin sensitivity index (ISI). ISI was calculated as 10,000/! (G 0 3 I 0 3 G 120 3 I 120 ), where G 0 is glucose concentration (mg/dl) at time 0, I 0 is the insulin concentration at time 0 (mmol/ml), G 120 is the glucose concentration at time 120 minutes, and I 120 is the insulin concentration 120 minutes obtained from an OGTT (23) . The b cell function index was calculated from OGTT data as (2503 + 6.476 3 I 0 2 126.5 3 G 120 + 0.954 3 I 120 2 239.3 3 G 0 ) (24) . Impaired fasting glucose was defined as fasting glucose concentration between 100 and 125 mg/dl. Impaired glucose tolerance was defined as 2-hour glucose between 140 and 199 mg/dl (22) .
Incident Diabetes
Glucose was measured on fasting blood samples obtained from participants during the annual clinic examinations in 1989-1990, 1992-1993, 1996-1997, 1998-1999, and 2005-2006 , and on nonfasting blood samples collected in 1994-1995. Medication use was assessed at baseline and annually thereafter by medication inventory through 2007 (25) . Incident diabetes was defined as fasting glucose $126 mg/dl, nonfasting glucose $200 mg/dl, or use of glucose-lowering medications.
Covariates
Age, sex, race, education, smoking status, physical activity, and alcohol consumption were assessed by self-report. Leisure-time physical activity was calculated as the weighted sum of kilocalories expended in a broad range of self-reported physical activities (26) . Dietary scores were computed using quintiles of intake of dietary fiber, glycemic index, trans fat, and polysaturated fat/saturated fat ratio (27) .
Prevalent CVD was defined as clinical, subclinical, or none. Clinical CVD was defined as myocardial infarction, coronary artery bypass graft or percutaneous coronary angioplasty, angina pectoris, or stroke. Subclinical cardiovascular disease was defined as presence of ankle-arm index ,0.9, internal carotid wall thickness .80th percentile, carotid stenosis .25%, any major electrocardiographic abnormality, or claudication or angina reported by Rose questionnaire (28) .
Statistical Analyses
Unadjusted associations of eGFR with fasting insulin concentration, ISI, b cell function, and 2-hour glucose concentration were described using spline curves. These associations were tested using linear regression. Associations of eGFR with impaired fasting glucose and impaired glucose tolerance (dichotomous outcomes) were tested using logistic regression. Nested regression models were adjusted for demographic factors including age, sex, race, site, and education. They were additionally adjusted for potential confounders of the relationships of interest, including physical activity; smoking; alcohol use; waist circumference; dietary score; use of b blockers, diuretics, steroids, or angiotensin converting enzyme inhibitors; and prevalent CVD. Distributions of fasting insulin concentration and ISI were normalized by logarithmic transformation before analysis.
Unadjusted incidence rates of diabetes were calculated by category of eGFR. Adjusted associations of eGFR with incident diabetes were tested using Cox proportional hazards models, stratified by enrollment wave (1989-1990 versus 1992-1993) . Serial models were adjusted as described above and sensitivity analyses accounting for competing risk of death were performed (29) .
Statistical analysis was performed using STATA 11 software. P values ,0.05 were considered statistically significant.
Results

Baseline Characteristics
Mean age was 72.7 (SD 5.5) years (range, 65-98 years); 59% of participants were female and 86.4% were Caucasian. Mean eGFR was 72.2 (SD 17) ml/min per 1.73 m 2 . Participants who had lower eGFR were more likely to be older, had more prevalent CVD, were less physically active, and had a larger waist circumference (Table 1) .
Cross-Sectional Correlations
Lower eGFR was monotonically associated with insulin resistance as measured by fasting insulin concentration or ISI ( Figure 1 and Table 2 ). In adjusted analyses, every 10 ml/min per 1.73 m 2 lower eGFR was associated with a 2.2% higher fasting insulin concentration and a 1.1% lower ISI (Table 2 ). There was no association of lower eGFR with fasting glucose concentration (data not shown) or impaired fasting glucose after multivariate adjustment (Supplemental Table 1 ).
The b cell function index demonstrated an inverse hyperbolic relationship with ISI (Supplemental Figure 2) . Lower eGFR was monotonically associated with a higher b cell function index ( Figure 1C and Table 2 ). In adjusted analyses, every 10 ml/min per 1.73 m 2 lower eGFR was associated with a 29.9 pmol/L higher b cell function index.
The relationship of eGFR with 2-hour glucose was U shaped in unadjusted analyses ( Figure 1D ). However, with multivariable adjustment, lower eGFR was associated with lower 2-hour glucose (Table 2 ) and a decreased risk of glucose intolerance (Supplemental Table 1 ).
When eGFR was estimated using cystatin C, associations with fasting insulin concentration, ISI, and b cell function were similar to those of creatinine-based eGFR but of stronger magnitude (Supplemental Table 2 ). In adjusted analyses, every 10 ml/min per 1.73 m 2 of lower eGFR was associated with 3.5% higher fasting insulin concentration, 2.5% lower ISI, and a 38.5 pmol/L higher b cell function index. However, lower cystatin C-based eGFR was not associated with 2-hour glucose concentration or impaired glucose tolerance.
Incident Diabetes
Over 12 years' median follow-up, 437 participants (9.3%) developed type 2 diabetes. Unadjusted incidence rates of diabetes did not differ by category of eGFR, and eGFR was not associated with risk of incident diabetes in adjusted analyses (Table 3 ). In addition, there was no age interaction on incident diabetes. A sensitivity analysis accounting for competing risk of death also did not show any association of low eGFR with risk of diabetes. GFR estimated from serum cystatin C was also not associated with risk of incident diabetes (Supplemental Table 3 ).
Discussion
In this large cohort study of older adults, lower eGFR was associated with insulin resistance as assessed by fasting insulin concentration and ISI in cross-section. Magnitudes of association were modest but persisted with adjustment for potential confounders. b cell function increased with decreasing eGFR, suggesting intact and appropriate compensation. The net effect of insulin resistance and augmented b cell function was preserved or improved glucose tolerance with lower eGFR. Moreover, lower eGFR was not associated with increased risk of clinical diabetes during long-term follow-up.
Our findings of an association of lower eGFR with insulin resistance are consistent with previously published studies (4) (5) (6) (7) 30 Data are expressed are mean (SD) or n (%). Dietary scores were computed using quintiles of intake of dietary fiber, glycemic index, trans fat, and polysaturated fat/saturated fat ratio (26, 27) .
of assessment results (HOMA) in a cross-sectional analysis of nondiabetic US adults in the National Health and Nutrition Examination Survey III, Chen et al. found that insulin resistance is independently associated with moderate CKD (30) . Furthermore, among participants in the Health, Aging and Body Composition study among communityliving individuals of similar age to those in our study (70-79 years), kidney function was found to be independently associated with insulin resistance assessed as upper quartile of HOMA (32) . A unique aspect of our study was the assessment of insulin resistance using both the fasting insulin concentration and the ISI calculated from OGTT data. We found that lower eGFR was associated with insulin resistance both in the fasting and dynamic states. In the fasting state, insulin sensitivity is largely determined by the ability of insulin to regulate hepatic glucose production, thereby reflecting primarily hepatic insulin resistance. Dynamic states, on the other hand, assess insulin sensitivity when the body is challenged with glucose or insulin. In this setting, glucose is primarily disposed of in skeletal muscle, and results largely reflect peripheral insulin resistance (33) . Our findings of insulin resistance in dynamic states were consistent with previous published studies (8,34). Fliser et al. found that insulin resistance as measured using the frequently sampled intravenous glucose tolerance test is already present in early CKD, even when the eGFR is within the normal range (34). Nerpin et al. showed that insulin sensitivity assessed using euglycemic clamp was related to cystatin Cbased GFR in a community-based cohort of elderly men (8) .
Little is known about the response of the pancreatic b cell to insulin resistance in CKD. Prior studies suggest variable response in ESRD, resulting in glucose intolerance in some patients (35, 36) . We hypothesized that CKD-related insulin resistance would lead to glucose intolerance and increased risk of overt diabetes among older adults, who are already at increased risk of these disorders. However, to our surprise, b cell function increased appropriately in the setting of declining eGFR.
eGFR demonstrated a U-shaped relationship with 2-hour glucose concentration in unadjusted analyses. With adjustment for potential confounders, lower creatinine-based eGFR was associated with lower 2-hour glucose concentration. The difference was really between high eGFR $90 ml/min per 1.73 m 2 versus normal eGFR $60 ml/min per 1.73 m 2 , but not with low eGFR ,45 ml/min per 1.73 m 2 versus normal eGFR $60 ml/min per 1.73 m 2 . It is possible that high GFR estimated from serum creatinine reflects low muscle mass rather than outstanding kidney function. Low muscle mass results in low creatinine generation, low serum creatinine concentration, and therefore high eGFR. In addition, low muscle mass may reduce an individual's ability to dispose of a fixed-dose glucose load, because the majority of prandial glucose is disposed in muscle.
Moreover, we found no association of eGFR with risk of incident diabetes. This contrasts with results of previous studies (37, 38) . Lorenzo et al. found that individuals with both low or high eGFR (estimated from serum creatinine using the Modification of Diet in Renal Disease equation) were at increased risk of incident diabetes (37). Sahakyan et al. found a positive relationship of serum cystatin C concentration with the incidence of type 2 diabetes (38). One potential explanation for the different results may be differences in study populations. Our participant population was older and had lower body mass indices.
Although insulin resistance among study participants with lower eGFR did not lead to glucose intolerance or increased risk of incident diabetes, it may still contribute to adverse health outcomes. Insulin resistance is associated with endothelial dysfunction, oxidative stress, dyslipidemia, systemic inflammation, and activation of the reninangiotensin-aldosterone system (39, 40) . In the general population, insulin resistance as assessed by HOMA has been associated with incident cardiovascular events (41) (42) (43) . Therefore, the presence of insulin resistance among older adults with CKD could increase the risk of cardiovascular morbidity and mortality without affecting diabetes risk. Our study has important strengths. We studied a large, community-based population at high risk of CKD, insulin resistance, and diabetes. We assessed eGFR using two complementary methods with robust results. We examined insulin resistance in static and dynamic states and tested b cell function and glucose tolerance outcomes not previously examined in this population. Incident diabetes was well ascertained over long-term follow-up. Detailed covariates were available to reduce the likelihood of confounding in all analyses. However, our study also has limitations. We do not have direct measures of GFR. The ISI and the b cell function index were calculated from the same OGTT data, potentially reducing our ability to separate these processes and preventing us from validly assessing disposition index (44) . In addition, the study participants were older, with the youngest age of 65 years; therefore, the results may not be applicable to younger individuals. Moreover, the majority of the participants were Caucasian, potentially reducing the ability to generalize our findings to other racial groups.
In conclusion, among older adults, lower eGFR was associated with insulin resistance. However, with lower eGFR, b cell function was appropriately augmented and risks of impaired glucose tolerance and incident diabetes were not increased. 
